Introduction
WDM technology has been successfully deployed for many years in metro and core networks; it provides practically unlimited system capacity and reach. Lately, service providers are deploying passive WDM technologies for wireless/wireline backhauling, business connectivity, and fiber-to-the building (FTTB) applications. In fiber-to-the-home networks, however, WDM technology is not commonly used yet. This is due to the relatively low required per-user data rates at present and more importantly due to missing compact, costcompetitive and mass-manufacturable WDM access components, in particular for the optical line terminals (OLT). Whilst a WDM-PON OLT could in principle be built from standard pluggable transceivers, a cost-, footprint-and energy-optimized solution is not available today, mainly due to the lack of highly integrated multichannel transceiver arrays 1 . With ever increasing bandwidth demands, compact, low-power and low-cost multiwavelength transmitter modules are an absolute necessity for a successful implementation of a mass market WDM-PON. Furthermore, large, costly and power consuming thermo-electric coolers can be avoided when the transmitter array is designed for very low power consumption. To enable approaches at 100 Gb/s transport (including required forward errorcorrection overheads) with 'reasonably' high spectral efficiencies, 10 channels at a data rate of 11.3 Gb/s can be integrated. For the proposed WDM-PON approach it is a great challenge to design energy-efficient coolerless 100 Gb/s transmitter arrays. In this paper, an array of 10 elektro-absorption modulator (EAM) drivers at 11.3 Gb/s each is presented using a 0.13 µm SiGe BiCMOS technology, to achieve a total data rate of 113 Gb/s. To the best of our knowledge such EAM driver arrays are not currently available on the market, nor published in the literature. Each driver was designed to drive an EAM with a 50 Ω load in parallel. The individual driver operates at 11.3 Gb/s with a controllable output voltage To the best of our knowledge, this is the first 10 channel driver array for EAMs and the lowest power consumption for an EAM driver so far reported, 50% below the state of the art. Fig. 1 depicts the simplified building blocks of the EAM driver. It includes an input that is differentially matched to 100 Ω, a predriver block to amplify the input signal and to drive the large capacitive input of the actual driver. This predriver can also control the pulse width to compensate for the non-linearity of the EAM. The predriver is directly followed by the EAM driver, which has a controllable bias and modulation current. The control is implemented using a serial peripheral interface (SPI), which can set both the bias and modulation current with a 4-bit resolution. The bias and modulation current can be set differently for every channel to optimize the settings of the EAMs according to the transmitted wavelength.
Circuit design
To reduce the power consumption, several techniques are implemented in the driver array. First of all, the circuits were designed to operate with a low supply voltage and the different supply voltages are used to operate the different circuits with minimum headroom. In this type of analog circuits, the power consumption scales approximately linear with the supply voltage. For this reason, a standard low supply voltage of 2.5 V (Vcc1 in Fig. 1 ) is fed to the predriver, the pulse width control block and all other building blocks outside the data path, whereas the driver stage can be supplied up to 4.5 V depending on the modulation and bias voltage required (Vcc2 in Fig. 1) . A third power supply of 1.8 V (Vcc3 in Fig. 1 ) is used as well to further reduce the power consumption, as explained hereafter. The driver, which is shown in simplified form in Fig.  2 , consists of a differential pair. The pair switches the modulation current between the right arm, containing the EAM, and the left arm, connected to a dummy load to preserve symmetry. Since only the right arm drives the EAM, the current in the left arm is a waste of power. So by reducing the supply voltage connected to the left arm to 1.8 V, one gains 20% power consumption reduction. Secondly, the output impedance of the driver can be higher than 50 Ω by proper optimization of the different parasitic elements. An output impedance of 250 Ω was chosen, which allows for a lower modulation and bias current in the driver to achieve the same bias and modulation voltage. This reduces the power consumption by 35% for an output swing of 2.5 V pp . The last technique is only possible due to the DC-coupled output. Using an AC-coupled output would make the supply voltage grow with increasing output impedance in order to maintain sufficient headroom. Also broadband bias tees were avoided since they are too large to be used in a 10 channel array, both on-and off-chip.
Measurements
Fig . 3 shows the die photograph. The array of 10 separate drivers is clearly visible. The SPIregister can be seen on the lower left side, with the data path running from bottom to top. The total chip area is 5.5 × 1.3 mm 2 , which is determined by the 500 µm pitch between the 10 EAM channels and the number of I/O pads. This gives sufficient room for on-chip decoupling Multiple adjacent channels were measured to check the influence of crosstalk, which was negligible. With a differential input voltage of 600 mV pp and a supply voltage of 4.5 V a swing of 2.5 V pp is reached consuming only 188 mW onchip. The 20-80% rise/fall times are 24 and 31 ps respectively. The measured output jitter is 18.3 ps pp and 2.45 ps rms , using a data generator with a measured jitter of 14.6 ps pp and 2.25 ps rms . Also the pulse width control operates adequately and the programmable crossing point can be adjusted between 38.6% and 59.4% in 8 steps, as seen in Fig. 6 .
Conclusions
We have presented results of an ultra low power SiGe modulator driver array with an output voltage of 2.5 V pp at a total of 113 Gb/s for OLT transmitter arrays in WDM-PON applications. The power consumption was below 220 mW per channel, which makes coolerless operation possible, while the eye diagram measurements revealed excellent signal quality. 
